The purpose of this study was to determine whether 12 months of intense endurance exercise training can induce an increase in left ventricular stroke volume and in stroke work during exercise in patients with coronary artery disease. Eleven male patients were studied. With training, mean maximal oxygen uptake capacity (Vo2max) increased 39%, from 1.85 ± 0.36 to 2.57 ± 0.43 1/min. Stroke volume during upright exercise that required 35-65% of Vo2max was 18% higher after training. At the same percentage of Vo2max, mean blood pressure was the same before and after training; as a result, left ventricular stroke work (mean blood pressure x stroke volume) increased 18% (p < 0.01). These findings suggest that in patients with coronary artery disease, prolonged, intense training induces an increase in stroke volume, and this is a result of cardiac rather than peripheral adaptations.
EXERCISE TRAINING often improves exercise performance and increases maximal oxygen uptake capacity (Vo2max) in patients with coronary artery disease." 2 In most of the studies on the effects of training in patients with coronary artery disease, the improvements in exercise performance, Vo2max and stroke volume have been the result of peripheral adaptations rather than an improvement in cardiac function.1-' The training programs in these studies were generally brief and of mild-to-moderate intensity, and we believe that the lack of improvement in cardiac function may have been due to cessation of exercise training before a sufficient adaptive stimulus was attained. Preliminary evidence suggests that training more prolonged and intense than that generally used can result in favorable cardiac adaptations in patients with coronary artery disease.9' 10 In this context, we have evaluated the effect of a 12-month program of exercise of progressively increasing intensity, duration and frequency on left ventricular pump function as reflected in stroke volume and stroke work.
Methods

Subjects
Eleven male patients (ages 52 + 7 years, mean + SD, range 42-62 years) were enrolled in the study after giving informed consent.-These patients are the first enrolled in our training program in whom cardiac output was measured before and after 12 months of training. Nine of these patients had a single previous myocardial infarction, documented by characteristic chest pain, evolving ECG changes and increases in plasma enzyme levels. An average of 14 + 18 months (range 4-60 months) had elapsed between infarction and enrollment in the study. The other two patients had sig-nificant one-and three-vessel coronary artery disease documented by coronary angiography. Nine patients were asymptomatic and two had effort angina at the time of entry into the study. Six patients were taking propranolol (30-160 mg/day), seven long-acting nitrates (15-40 mg/day), three digoxin (0.25 mg/day), and one patient was taking a small dose of quinidine (600 mg/day). Seven of the nine patients had no changes in medications during the study. The propranolol dosage was reduced from 160 to 80 mg/day in one patient during the study and was stopped in another patient who was initially taking 30 mg/day. Six patients who had an exercise tolerance similar to the study patients served as controls to evaluate the possibility of spontaneous improvement in left ventricular function over a 12-month period. These patients met the eligibility criteria for enrollment in the study but could not participate because of occupational commitments or because they lived too far away. They were 43 + 5 years old (range 38-51 years). Three control patients had sustained myocardial infarctions an average of 5 + 1 months (range 5-6 months) before their initial studies, two had significant two-vessel coronary artery disease documented by coronary angiography, and one subject had effort angina and an exercise-induced perfusion defect on thallium-201 stress testing. Four of the control patients were taking propranolol (40-80 mg/day) and one was taking longacting nitrates (40 mg/day).
Exercise Testing
A history, physical examination and resting ECG were performed before the exercise test. The exercise tests were performed 2 hours after a light meal and, in the patients taking medication, 3 hours after the last dose. The exercise tests were performed over a 2-3week period before training and repeated after 12 months of training. A treadmill exercise test was performed, using the Bruce protocol," to evaluate work capacity and the heart rate, blood pressure and ECG responses to exercise; the end point was exhaustion or angina. Maximal oxygen uptake capacity (Vo2max) was measured during treadmill and bicycle exercise as described previously. 9 The nine asymptomatic patients attained their true Vo2max, evidenced by the "leveling off'" criterion, i.e., no further increase in Vo, with LV FUNCTION AND TRAINING IN CAD/Hagberg et al.
higher work rates. We measured the symptom-limited Vo2max in the two patients with angina.
Cardiac Output Determinations
Cardiac output was measured using a CO2 rebreathing method'2 based on the Fick principle:
Vco2
Cvco2 -Caco2
where Vco2 = the carbon dioxide production, CVco2 -the carbon dioxide content of mixed venous blood, and Caco2 = the carbon dioxide content of arterial blood.
Oxygen uptake, Vco2, and end-tidal Pco2 were measured on a breath-by-breath basis using a heated Fleisch #3 pneumotachograph connected to a Validyne DP 45 pressure transducer, and a Perkin-Elmer mass spectrometer model MGA 1100 interfaced with a PDP-81 computer (Digital Equipment Co.). 13 The individual breath Vco2 values for the 60 seconds preceding CO2 rebreathing were averaged to determine Vco2. The end-tidal Pco2 values for the same time 60-second period were averaged and used to estimate arterial Pco2. 14 Blood CO2 content was calculated using the dissociation curve of McHardy.'5 For determination of mixed venous Pco2, the patients rebreathed 5% C02-95% 02 from an anesthesia bag for 20-30 seconds and Pco2 at equilibrium was determined by extrapolation of the exponential rise in end-tidal Pco2. 12, 16 Mixed venous Pco2 was estimated from the Pco2 at equilibrium by correcting for the alveolar to arterial Pco difference. Before training, cardiac output was measured during three exercise bouts lasting 11 minutes each, and requiring 35%, 45% and 65% of Vo2max. After training, cardiac output was measured at comparable work rates (the same absolute exercise intensity), and also at 35%, 45% and 65% of the patients' new, higher Vo2max (same relative exercise intensity). The accurate measurement of cardiac output by the CO2 rebreathing method requires that Vco2 and end-tidal Pco2 be in a steady state before determining mixed venous Pco2.'8 Such a respiratory steady state is difficult to maintain at exercise intensities above 70-75% of Vo2max; therefore, exercise intensities requiring 35%, 45% and 65% of Vo2max were used in this study. At these work rates, heart rate, Vo2 and Vco2 did not change between the fourth and tenth minute of exercise. Three separate determinations of cardiac output were made during each exercise bout at a given exercise intensity; the measurements were made during the fifth, eighth and eleventh minute of exercise. This approach was possible because Vco2 and end-tidal Pco2 were found to return to a steady state within 60 seconds after a period of CO2 rebreathing. The three measurements at each work rate were averaged. In seven of the 11 patients, cardiac output was also measured during upright rest as described by Jones et al. '8 Blood pressure and heart rate were determined during the periods of Vco2 measurement immediately be-sure was estimated by adding one-third of the pulse pressure to the diastolic pressure. Systemic vascular resistance was estimated by dividing mean arterial pressure by cardiac output: (MBP/CO) x 80, where MBP = mean blood pressure, CO = cardiac output, and 80 = the factor for converting to dyn-sec-cm-5. Left ventricular stroke work, which we used as an index of left ventricular function, was calculated by the modified formula: SV x MBP x 0.0136, where SV = stroke volume and MBP = mean blood pressure.
Exercise Training
The 12-month exercise program has been described in detail.9 In brief, it consists of 10 minutes of walking and stretching followed by a period of endurance exercise, either jogging or pedaling a bicycle ergometer. The duration, intensity and frequency of the endurance exercise is progressively increased. After about 6 months, the patients generally perform 50-60 minutes of endurance exercise requiring 70-90% of Vo2max, four to six times per week.
Statistics
The significance of differences between data obtained before and after training was assessed using the two-tailed paired t test. Values are expressed as mean ± SD. The relationship between systemic vascular resistance and stroke volume was evaluated using linear regression analysis.19
Results
The patients participated in the exercise program an average of 5 days/week for the last 6 months of the program. Their average body weight decreased from 75.0 + 3.5 to 71.4 ± 3.1 kg (p < 0.01). During the last 3 months of the study, they were running 20-25 miles/week or performing an equivalent amount of exercise on the bicycle ergometer. None of the patients developed a myocardial infarction, serious ventricular arrhythmias or cardiac arrest during the study.
Responses to Maximal Exercise
The Vo2max increased an average of 39%, from 1.85 + 0.36 to 2.57 + 0.43 1/min (p < 0.001) in response to the 12 months of training. Vo2max, expressed per kilogram of body weight, increased 46%, from 24.8 ± 3.8 to 36.3 + 6.0 ml/kg/min (p < 0.001). The heart rate attained during maximal exercise increased from 155 ± 21 to 168 + 22 beats/min (p < 0.025). The systolic blood pressure attained during maximal exercise increased from 176 ± 29 to 193 ± 22 mm Hg (p < 0.01).
Cardiac Output and Stroke Volume
Cardiac output at the same absolute exercise intensity was not altered by training ( fig. lA) ; however, since heart rate was 10-15 beats/min lower (table 1), stroke volume was significantly higher, by an average of 16%, at the same absolute exercise intensity after training ( fig. 2A ). At the same relative exercise intensity, cardiac output was significantly higher after training 1195 fore each period of C02 rebreathing. Mean blood pres- ( fig. iB ). This increase in cardiac output was entirely due to an increase in stroke volume, which averaged 18% ( fig. 2B ), as the heart rate response to exercise of the same relative intensity was unchanged (table 1) . Cardiac output at rest was unchanged, averaging 4.6 ± . 8 1/min before and 4.7 ± 1.1 1I/min after training. However, resting stroke volume was significantly higher in the trained state, 81 ± 13 vs 66 ± 11 ml before training (p < 0.05), as the result of a decrease in resting heart rate, from 69 ± 11 to 58 ± 9 beats/min (p < 0.05).
Blood Pressure and Stroke Work
There were only minor changes in systolic and diastolic blood pressure responses to submaximal exercise as a result of the training, and mean blood pressure both at the same absolute and the same relative exercise intensities after training were not significantly different from the pretraining values (table 1) . Therefore, as a consequence of the unchanged mean blood pressure and the increase in stroke volume, left ventricular stroke work during exercise was significantly increased in the trained state ( fig. 3 ). Systemic vascular resistance was unchanged at the same absolute work rate, but was lower at the same relative work rate after training (table 1) .
Control Patients
The initial Vo2max values of the control patients (2.00 + 0.17 1/min) were similar to those of the study patients, and did not change between the initial and final evaluations. Heart rate during submaximal and maximal exercise also did not change significantly. Stroke volume during submaximal exercise was similar in their initial and final evaluations; the stroke volume attained during the three exercise intensities averaged 101 + 14 ml in the initial and 103 + 8 ml in the final evaluation. Blood pressure, systemic vascular resistance and left ventricular stroke work also did not change significantly (table 2) . Discussion In healthy persons, stroke volume and stroke work are generally higher in the trained than in the untrained state during exercise requiring the same percentage of VO2max. 20 There have been a number of studies of the effects of endurance exercise training on stroke volume in patients with coronary artery disease. Varnauskas et al. 3 and Bergman and Varnauskas6 found that stroke volume at the same exercise intensity was lower in their patients after training. Detry et al.,7 who studied patients with coronary artery disease at two intensities of exercise before and after training, found that stroke volume was unchanged but that, as a result of a decrease in mean arterial pressure, stroke work was reduced after training. Clausen et al.4' I found that stroke volume was higher at the same exercise intensity after training; however, as a result of a lower mean arterial pressure and a reduced peripheral resistance in the trained state, stroke work was reduced in their patients. In these five reports,3-7 the authors concluded from their findings that no change in myocardial function had occurred in response to training, and that the improvements in performance and Vo2max seen in their patients were due to peripheral adaptations that result-ed in a slower heart rate, a lower blood pressure, decreased peripheral vascular resistance, and an increased 02 extraction by the muscles during exercise.
In contrast to the above studies, Frick and Katila21 and Rousseau et al. 22 reported an increase in both stroke volume and stroke work in patients with coronary artery disease. However, these studies were started 2-4 months after myocardial infarction, and Rousseau et al.22 attributed the improvement in myocardial function to spontaneous recovery from the effects of the myocardial infarction rather than to a training effect, because the same improvement was seen in a control group of patients who were not trained. The same explanation, i.e., spontaneous recovery from the effects of myocardial infarction, may also apply to the study of Frick and Katila, in which there was no control group, as the training consisted of only three bouts of exercise per week for an average of 7 weeks. In contrast to most of the studies of the effects of exercise training in coronary artery disease in which the training program lasted only 4-12 weeks, Paterson et al. 23 investigated the effects of 12 months of training of moderate intensity and found that stroke volume during exercise was higher after training. However, they did not report blood pressure values, making it impossible to determine whether the increase in stroke volume was due to a decrease in afterload.
In the present study, patients with coronary artery disease had a significantly higher stroke volume at both the same absolute and the same relative (i.e., same percent of Vo2max) exercise intensities after adapting to a 12-month program of intense exercise training. This increase in stroke volume resulted in an increase in stroke work, as mean blood pressure was the same at the same relative exercise intensities after training (table 1) . Heart rate during exercise at the same relative exercise intensity was also unchanged after training, resulting in an increase in left ventricular They also were the same absolute work rates before and after training.
minute work (i.e., stroke work x heart rate). Although systemic vascular resistance at the same relative exercise intensity was slightly lower after training, linear regression analysis of the relationship between systemic vascular resistance and stroke volume showed ( fig. 4 ) that at any level of systemic vascular resistance, stroke volume was higher after training (p < 0.05).
The exercise program used in this study results in an increase in left ventricular end-diastolic dimension at rest, providing evidence for an increase in end-diastolic volume. 10 However, we have no information regarding end-diastolic volume during exercise in our patients, and the relative importance of changes in preload and of improvement in myocardial contractile function in accounting for the increase in stroke volume and stroke work in response to training remains to be determined. Evidence that training may improve myocardial function in patients with coronary artery disease comes from a recent study by Jensen et 26 reported that when exercise intensity is increased to require 100% of Vo2max, stroke volume falls to a value 15-18% below that attained during submaximal exercise in patients with coronary artery disease. Therefore, it seems likely that stroke volume at Vo2max in our patients was lower than the values we measured at 65% of Vo2max. However, unless stroke volume fell much more in the trained than in the untrained state (for example, 30% vs 15%) in response to an increase in exercise intensity from 65% to 100% of Vo2max, maximal cardiac output must have been considerably higher in our patients after training. Such a large decrease in stroke volume in the trained state seems unlikely in view of the large increase in Vo2max.
Previous studies have shown that patients with coronary artery disease respond to 2-4 months of mild-tomoderate exercise training with adaptations in the autonomic nervous system and skeletal muscles that result in a slower heart rate, a lower systemic vascular resistance and an increased capacity to extract 2from the blood during exercise.'`8 The present results provide evidence that if training is continued and progressively increased in intensity, duration and frequency, some patients with coronary artery disease can, over 12 months, have improved cardiac function as reflected in an increase in stroke volume and stroke work.
